[1] We collected 56 marine gravity cores from the Pacific seafloor offshore Central America which contain a total of 213 volcanic ash beds. Ash-layer correlations between cores and with their parental tephras on land use stratigraphic, lithologic, and compositional criteria. In particular, we make use of our newly built database of bulk-rock, mineral, and glass major and trace element compositions of plinian and similarly widespread tephras erupted since the Pleistocene along the Central American Volcanic Arc. We thus identify the distal ashes of 11 Nicaraguan, 8 El Salvadorian, 6 Guatemalan, and 1 Costa Rican eruptions. Relatively uniform pelagic sedimentation rates allow us to determine ages of 10 previously undated tephras by their relative position between ash layers of known age. Linking the marine and terrestrial records yields a tephrostratigraphic framework for the Central American volcanic arc from Costa Rica to Guatemala. This is a useful tool and prerequisite to understand the evolution of volcanism at a whole-arc scale.
Introduction
[2] Ash layers intercalated with marine sediments in the Pacific seafloor offshore Central America are the distal deposits of plinian and ignimbriteforming eruptions at the Central American Volcanic Arc (CAVA). The magnitudes of past events, which are separated by long time intervals, are difficult to determine on land because exposure of deposits is often incomplete and the Pacific coast is only a few tens of kilometers downwind from the volcanoes such that most of the westward dispersed tephra is emplaced on the seafloor. Hence the mostly non-erosive submarine environment may preserve a complete record of large eruptions in which the intercalation of deposits from different volcanic sources facilitates the relative and absolute timing of their activities.
[3] A number of earlier studies used ODP/DSDP and gravity cores to investigate ash layers offshore Central America [Bowles et al., 1973; Cadet et al., 1982a Cadet et al., , 1982b Drexler et al., 1980; Hahn et al., 1979; Ledbetter, 1982; Pouclet et al., 1985] . These studies identified the Los Chocoyos ash from Atitlán Caldera in Guatemala as a widespread marker bed, which can be found even at very distal sites offshore Costa Rica to Ecuador and in the Caribbean basin. Other correlations, however, remained uncertain because of the lack of reference data from deposits on land and the analytical limitation to major elements.
[4] Using the results from on-land studies of the deposits of highly explosive eruptions at the CAVA [Chiesa, 1991; Chiesa et al., 1992; Hart and Steen-McIntyre, 1983; Kempter et al., 1996; Mehringer et al., 2005; Newhall, 1987; Peterson and Rose, 1985; Rose, 1987a Rose, , 1987b Rose et al., 1999; Vogel et al., 2004 Vogel et al., , 2006 and our own field work in Nicaragua [Freundt et al., 2006a; Kutterolf et al., 2007a] , El Salvador and Guatemala, allowed us to build a database of bulk-rock, mineral and glass compositions and eruption ages. Such compositional data together with lithologic and petrographic criteria as well as stratigraphic constraints facilitates the correlation of marine ash layers with tephras from individual eruptions on land.
[5] During our cruises R/V METEOR M54 and M66 and R/V SONNE SO173 we collected 56 sediment gravity cores of 1.5 to 11 m in length along the Central American Trench from Costa Rica to southern Guatemala, with core locations on the continental slope and on the incoming Cocos plate (Figure 1 ). In this contribution we aim to correlate ash layers between these cores and with their source volcanoes on land to build up an overall Central American tephrostratigraphy and to constrain unknown eruption ages. The companion paper part 2 discusses volcanological implications for individual eruptions and the whole arc, and part 3 addresses implications for forearc geological features.
Geological Setting
[6] The Central American Volcanic Arc (CAVA) lies 150-200 km away from the Middle America trench where the Cocos plate subducts beneath the Caribbean plate at a convergence rate of 70-90 mm/a [Barckhausen et al., 2001; DeMets, 2001] . The CAVA is bounded in the north by a zone of strike slip faults near the Mexico-Guatemala border that separates the Caribbean and North American plates [Carr et al., 2007; GuzmanSpeziale et al., 1989] . The volcanic arc is tectonically segmented, with offsets at segment boundaries such that the trench-arc distance decreases northward on each segment. Arc magmatic compositions vary along the CAVA in a systematic fashion attributed to changing conditions in the subduction system [Carr Bowles et al. [1973] , Rabek et al. [1985] , and Ledbetter [1985] , which all contain the D/Y8-Layer (Los Chocoyos Tephra). Encircled cores in the Gulf of Mexico contain the Y5-Layer [Rabek et al., 1985] . Numbers in the Pacific Ocean identify cores of Bowles et al. [1973] , in which we can correlate ash beds to onshore tephras. Volcano (trapeze) numbers and names and tephra acronyms are given in the top right corner: WFT, W-Fall Tephra; LCY, Los Chocoyos Tephra; LFT, L-Fall Tephra; EFT, E-Fall Tephra; MFT, Mixta Tephra; PAT, Pinos Altos Tephra; ACT, Arce Tephra; CGT, Congo Tephra; CCT, Conacaste Tephra; OPI, Older pumice Ilopongo; TB4, Terra Blanca 4 Tephra; TBJ, Terra Blanca Joven Tephra; BRT, Blanca Rosa Tephra; TT/AT, Twins/ A-Fall Tephra; MCO1-3, Mafic Cosigüina Tephras; Laq, Lower Apoyeque Tephra; Uaq, Upper Apoyeque Tephra; CT, Chiltepe Tephra; FT, Fontana Tephra; SAT, San Antonio Tephra; MTL/LCT, Masaya Triple Layer/La Concepción Tephra; MT/TIL, Masaya Tuff/Ticuantepe Lapilli; LAT, Lower Apoyo Tephra; UAT, Upper Apoyo Tephra; UOT, Upper Ometepe Tephra. Dots show core positions of R/V METEOR cruises M66 and M54 and R/V SONNE cruise SO173 along and across the trench; letters identify cores listed at bottom left. et al ., 1990 , 2007 Carr, 1984; Feigenson and Carr, 1986; Feigenson et al., 2004; Hoernle et al., 2002; Patino et al., 1997 Patino et al., , 2000 , in addition to local variations due to magmatic differentiation. Such compositional diversity is extremely useful for stratigraphic correlations.
[7] Upper Pleistocene (since $500 ka) to Holocene arc volcanism of El Salvador and Guatemala includes quite a number of large-magnitude eruptions of highly evolved, silicic magmas, mostly from caldera volcanoes [Rose et al., 1999] . These are the Ayarza, Amatitlán and Atitlán calderas in Guatemala, and the Berlin-Chinameca complex, Ilopango Caldera, and Coatepeque Caldera in El Salvador (Figure 1 ). However, there are also Nicaraguan volcanoes that produced moderately large-magnitude plinian eruptions: Concepción volcano, Apoyo Caldera, Masaya Caldera, Chiltepe volcanic complex, and Cosigüina volcano [Freundt et al., 2006a; Kutterolf et al., 2007a; Scott et al., 2006] . Within the time interval considered here, the 322 ka Tiribi Tuff is the only known large-magnitude event in Costa Rica. However, as we will show below, there are additional widespread plinian fall deposits from Costa Rican volcanoes yet not identified onshore.
On-Land Tephrostratigraphy
[8] The last three decades have seen a number of publications investigating predominantly the tephrostratigraphic successions of single volcanoes or eruptions and limited areas in Central America [Bice, 1985; Bonis et al., 1970; Borgia and van Wyk de Vries, 2003; Bosse et al., 1976; Commision Ejecutiva Hidroelectrica del Rio Lempa (CEL), 1992 , 1995 Chiesa, 1991; Chiesa et al., 1992; Drexler et al., 1980; Hahn et al., 1979; Hart, 1983; Hazlett, 1987; Kempter et al., 1996; Koch and McLean, 1975; McKnight and Williams, 1997; Newhall, 1987; Peterson and Rose, 1985; Pullinger, 1998; Reynolds, 1987; Rose, 1987a; Rose et al., 1982 Rose et al., , 1987 Rose et al., , 1999 Scott et al., 2006; Self et al., 1989; Sussman, 1985; Vogel et al., 2004 Vogel et al., , 2006 Williams, 1983; Wundermann, 1982; Wundermann and Rose, 1984] . We have recently revised and extended some of that work in Nicaragua [Freundt et al., 2006a; Kutterolf et al., 2007a; Pérez and Freundt, 2006; Wehrmann et al., 2006] , El Salvador and Guatemala. We have used these studies to collect samples for our compositional database in Central America.
[9] About 50 Upper Pleistocene to recent eruptions were of sufficiently large intensities and magnitudes to have distributed ash widely across the adjacent Pacific. Prominent time markers in these successions are the L-Tephra ($191 ka) and Los Chocoyos Tephra ($84 ka) in Guatemala [e.g., Drexler et al., 1980; Rose et al., 1999] , the Arce ($72 ka), Congo ($53 ka) and Tierra Blanca Joven tephras ($1.5 ka) in El Salvador [e.g., CEL, 1992; Hart, 1983] , and the Upper Apoyo ($25 ka) and Chiltepe tephras ($2 ka) in Nicaragua [Freundt et al., 2006a; Kutterolf et al., 2007a] . We have sampled all these tephras for bulk-rock, glass and phenocryst chemical analyses. We also sampled Pleistocene to recent tephras in Costa Rica supported by G.A. Alvarado (ICE, San Jose), among which the 322 ka Tiribi Tuff [Hannah et al., 2002; ] is a prominent time marker.
Previous Offshore Tephrostratigraphic Work
[10] Tephra studies along the Central American subduction zone extend back to the early 1980s, when DSDP Leg 67 recovered 186 ash layers in the Pacific offshore Guatemala and was later complemented by DSDP Leg 84 [Cadet et al., 1982a; Pouclet et al., 1985] . At both legs one ash layer was correlated firmly with the Los Chocoyos Ash from Lake Atitlán while other ash beds were tentatively associated with the 1902 eruption of Santa Maria volcano and the Pinos Altos tephra from Ayarza caldera [Cadet et al., 1982a; Drexler et al., 1980; Pouclet et al., 1985; Rose et al., 1979 Rose et al., , 1982 . Two DSDP sites from Leg 68 (502 and 503) and ODP Leg 165 ( Figure 1 ) revealed 2019 volcanic ash layers, which probably originated from eruptions in Central America and possibly the Antilles, Mexico, and even the Andes, since the Early Miocene [Jordan et al., 2006; Ledbetter, 1982; Sigurdsson, 1997] . Farther south offshore Costa Rica, Clift et al. [2005] sampled around 50 marine ashes of the same age range in the cores of ODP Legs 170 and 205 and correlated them preliminarily to mostly Costa Rican sources. Bowles et al. [1973] distinguished three principal areas of ash deposition in the eastern equatorial and southeastern Pacific Ocean using 128 volcanic ash samples from 56 piston cores covering the past $300 ka (Figure 1 ). On the basis of minor and trace element bulk rock compositions these authors tentatively identified source volcanoes in Guatemala, El Salvador, Nicaragua, Colombia, and Ecuador without correlating marine ash beds to specific single eruptions. Later, Ledbetter [1985] identified the 84 ka Los Chocoyos ash and the 119 ka T-tephra from Guatemala in these marine sections. [11] When analyzing a first subset of our cores collected offshore Nicaragua and Costa Rica, we were able to correlate marine ash beds with older tephra deposits from the Guayabo Caldera near active Rincón del la Vieja volcano in Costa Rica, and with the Upper Apoyo, Upper Apoyeque and Fontana tephras in Nicaragua [Kutterolf et al., 2007b] .
3. Methods 3.1. Marine Core Sampling and Logging (Table S1 1 ) at 3500-4000 m water depth on the oceanic plate and 1200-2500 m water depth on the lower continental slope, with lengths of 3.5 to 11 m bsf. Since there is a high risk of erosion by turbidity currents on the continental slope, we have used high-resolution bathymetric maps [Ranero et al., 2005] to choose core locations on ridges outside submarine canyons. The core positions lie at 150-370 km perpendicular distance from the CAVA (Figure 1 ) and all cores together contain 213 ash horizons.
[13] Visual core descriptions were complemented by core logging including P wave velocity, sediment densities from gamma-ray attenuation and left to right increasing distance from arc). Sharp drops in density values and green bars mark core segment boundaries. Gray shading marks visually identified ash layers. Pink bars mark ash horizons missed during visual inspection on board, emphasizing the importance of logging. C# refer to correlated ashes; ?, not correlated; m, mafic ash; f, felsic ash. magnetic susceptibility. Such logging helped to identify ash mixed with pelagic sediment in addition to distinct ash layers (Figure 2 ). Magnetic susceptibility logging was most useful as it reflects the volume fraction of magnetic minerals [Blum, 1997] and thus is a measure of the concentration of ash. We cut bulk slice samples from clean ash layers on board and separated the volcanic material from samples of mixed sediment in the laboratory. Separated glass shards and minerals were then used in geochemical microanalyses.
Primary Versus Reworked Ash and Ash Pods
[14] The formation of ash lenses, also known as ''pods,'' in marine sediments is attributed to a variety of mechanisms [Hunt and Najman, 2003] such as burrowing by benthic dwellers [Cambray et al., 1993] , redeposition by strong water currents or slumping on steep bottom topography [Fujioka, 1986] . Operating at the seafloor soon after emplacement, such processes probably do not disturb the geochemical integrity of the reworked tephra [Hunt and Najman, 2003] . However, there are abundant slumps detached from several meters deep scarps on the continental slope of Central America (W. B. Brückmann and R. Harders, personal communication, 2006) ; ash in slumped sediments may be a mixture from several source layers. Turbidity currents from such events could cross the trench and reach the incoming plate, which is also dissected by numerous steep bend fault scarps that may locally collapse [Ranero et al., 2005] . As a consequence, we analyzed a large number of glass shards and minerals from layers and pods in order to check if the geochemical data is either welltrended (i.e., displaying a clear fractionation/ evolution signal) or relatively homogenous. We use compositional criteria to distinguish between primary ash layers, primary (homogenous) and secondary (inhomogeneous) pods, and between weakly (homogeneous ash composition) and strongly reworked ash-sediment mixed layers (containing >50% glass shards). Since active tectonics on the outer rise may duplicate or invert entire stratigraphic sections [e.g., Anderson et al., 1984] , we particularly watched for signs of unconformity and cross-checked correlations to be mutually consistent.
Analytical Techniques
[15] Glass shards and crystals from marine ash beds and matrix glass and phenocrysts of pumice samples from land were analyzed by electron microprobe (EMP) for major and minor elements. For the reference samples from land, at least 5 medium-sized lapilli have been crushed to ash grain size; the 63 -125 mm and 125 -250 mm fractions were then used for spot analysis of the glass shards. EMP analyses were conducted on epoxy embedded samples with a CAMECA SX 50 wavelength dispersive electron microprobe at IFM-GEOMAR, Kiel, using 15 kV accelerating voltage, a beam defocused to 5 mm with currents of 10 and 6 nA for basaltic and felsic glass, respectively, and counting times of 30 to 60 s for most major elements and 60 to 100 s for the trace elements and backgrounds. Natural and synthetic glasses and minerals were used as standards for calibration. Standard deviation is <0.5% for major and <3% for minor elements. All analyses are normalized to 100% to eliminate the effects of variable post-depositional hydration.
[16] Since glass compositions of some tephras overlap significantly in major elements, we also analyzed trace element concentrations of glass shards by Laser Ablation Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS) at the University of Frankfurt am Main (Institute of Mineralogy) using a Merchantek LUV213TM petrographic laser microprobe in conjunction with a Finnigan MAT ELEMENT2TM high-resolution ICP double-focusing mass spectrometer. The laser beam was set to 30 mm in diameter and operated in ultra-violet modus at 213 nm using Q-switched laser energy of 2 mJ and a 5 Hz repetition rate. International standard glasses were measured every ten samples to monitor accuracy and silica and calcium concentrations, measured by EMP, are used as an internal standard to calibrate the trace element analyses. The thin (20 to 100 m thick) glass shards limit measurement duration and we selected the most discriminative elements for analysis: Rb, Sr, Y, Zr, Nb, Cs, Ba, La, Ce, Nd, Sm, Eu, Gd, Dy, Er, Yb, Hf, Ta, Th, and U. Average precision and accuracy estimates based on replicate analyses of synthetic NIST standards and USGS BCR-2 glasses are <10% for most elements.
[17] All microanalyses aimed at the center of glass shards because variable submarine alteration [Kutterolf et al., 2007b] causes elemental exchange at the surface of single glass shards first [e.g., Schacht, 2005] . Average compositions of marine and onshore tephras are given in auxiliary material Table S2 . [19] Correlations based on the glass compositions of the tephras on land hark back to at least 30 EMP as well as 5 to 10 LA-ICP-MS analyses per tephra layer, using a minimum of three samples per tephra deposit. For the marine ash layers, 30 EMP and 1 to 9 LA-ICP-MS analyses of glass shards for each sample have been carried out. In addition, we use published compositional data of ash layers from Ledbetter [1985] , Bowles et al. [1973] and Rabek et al. [1985] to also attempt some correlations with other cores collected in marine basins around Central America. We also investigated tephra correlations by multielement hierarchical cluster analysis (squared Euclidean distance, farthest neighbor method) similar to Jordan et al. [2006] and Bice [1985] using the SPSS version 14 software.
Results

General Description of Cores
[20] The cores collected from offshore Central America contain a total of 213 ash bearing hori- [21] Widespread mafic ash beds account for 37% of the total ash-bed assemblage offshore Nicaragua, compared to 20% offshore El Salvador and Guatemala. The mafic ash layers are characterized by high magnetic susceptibility and high-density logging values whereas felsic ashes have low or negative magnetic susceptibility values but also high density values ( Figure 2 ). Ash-containing sediment layers show marked differences in porosity, water content, and grain size compared to ash-free clay sediment. Some ash layers are significantly hardened compared to their host sediment due to diagenetic processes and were tilted and bent during coring. Below some ash layers, the underlying sediment is discolored and hardened to a depth of up to 6 cm; this probably reflects incipient cementation by silica or carbonate derived from the ash bed. Unconformable and/or inclined bedding of ash beds due to erosion, creep or slumping of sediment is rare offshore Nicaragua both on the continental slope and the incoming plate ( Figure 3e ). In some cores, especially those from the incoming plate, bioturbation occurred. In total, the ratio of primary ash layers to pods and dispersed ash in sediment is 82:49:25 offshore Nicaragua, and 50:13:7 offshore the northern part of Central America. The chemical composition of glass shards suggest that offshore Nicaragua 45% (50% offshore El Salvador and Guatemala) of pods and 30% of sediment layers with dispersed ash (85% offshore El Salvador and Guatemala) occur in the correct stratigraphic context, with redeposition of ash having occurred soon after primary emplacement.
[22] In general, ash layers have a sharp basal contact to underlying pelagic clay but a gradual transition with overlying ash-bearing pelagic sediment (up to 50 cm), and many are normally graded in grain size. Felsic white ash is mainly (>90 vol%) composed of fresh, clear, colorless, glass shards varying from highly vesicular, pumiceous textures with commonly elongated bubbles to angular blocky, cuspate, flat and y-shaped shards with nearly no bubbles ( Figure 4 ). Grain size ranges from fine to coarse ash (up to mm size). The mineral assemblages comprise plagioclase, clinopyroxene, some hornblende, olivine and orthopyroxene. Plagioclase is the dominant crystal phase but some ash beds, especially in the northern cores, are dominated by biotite and quartz, which occurs in the most-evolved felsic layers (see Table S2a ). In the southern cores toward Nicaragua, the ferromagnesian phases are pyroxenes with traces of amphibole. Dark-gray mafic ash layers consist predominantly of dark brown glass shards. Most of the glass shards have blocky shapes and are medium to poorly vesicular ( Figure 4 ). Some mafic ash layers, however, also contain highly vesicular, tubular, brownish glass shards ( Figure 4 ). The fraction of shards in the mafic ash layers that are altered at their rims increases toward older marine ash beds. The mineral assemblages of the mafic tephras include plagioclase, pyroxene and some olivine. In contrast with the felsic ash layers, the mafic ash layers contain significantly more biogenic material (up to 10%), typically planktonic foraminifers that were probably trapped by the ash sinking through the water column.
[23] The dark-olive-green pelagic sediment is silty to sandy clay that changes to lighter shades of green deeper in the cores. The clay is mixed with terrigeneous input from the volcanic arc and its basement. The sediments are described in more detail in part 3 of this contribution [Kutterolf et al., 2008] . Due to the large number of tephras and the wide range of differentiation grade separate panels showing characteristic regional subsets of the whole data; we give other diagram variations in auxiliary material Figure S1 , and all correlations can also be seen in Table S2 . These correlations are supported by results from cluster analyses ( Figure 5 ) except for tephras from Central Nicaragua, for which this method yields some unreasonable stratigraphic relationships. Using the SPSS# version 14 software package we tested the significance of 42 elements and ratios by a factor analysis and identified 9 felsic principal components ( Figure 5a ) most deeper in the cores and relate to older onshore stratigraphic units. We discuss the successful correlations according to the source volcanic centers in geographic order from north to south.
Ash-Layer Correlation to Source Volcanoes
Atitlá n Caldera
[25] The pyroclastic sequence at Atitlán Caldera formed during at least three major caldera-forming events [Rose et al., 1987] . From bottom to top, the succession of the past 200 ka comprises the W-fall and flow tephra, Los Chocoyos H-fall and flow tephra, D-fall deposits, F-fall deposits, and I-fall deposits [Rose et al., 1987] (Figure 1 ). Ash layer C22 in core M66-230, comprising a 4-cm-thick primary ash layer (269 -273 cm bsf) and a reworked ash pod (228-232 cm bsf) correlates Figure 5 . (a) Results of factor analysis used to reduce 42 elements and element ratios to 9 principal components which account for 95% of variance in the samples and are most useful for cluster analysis. (b) Dendrogram of hierarchical cluster analysis (squared Euclidean distance, farthest neighbor method) using reduced components from factor analysis. The cluster analysis successfully reproduces known stratigraphic relations except for tephras from Central Nicaragua for which the chemical differences are too small. Tables 1 and S2 ), although it is in the same cluster group as Los Chocoyos Tephra. The nearby core RC-12-32 of Bowles et al. [1973] contains an ash layer at 242 cm bsf, which corresponds to our C22 and the WFT. Bowles et al. [1973] provide bulk chemical compositions of manually separated vitric ash that should be comparable (although with caution) to our glass compositional data. The WFT has a high crystal content in the ash (up to 50%), a mafic basal fall layer (which we did not recognize in the submarine layer C22), white juvenile pumice clasts with medium phenocryst contents (10-15%) comprising quartz (qz), plagioclase (pl), biotite (bi) and minor pyroxene (px), amphibole (am) and magnetite (mt) [Rose et al., Figure 6 . Matrix-glass compositional ranges of pumice lapilli from onshore tephras (normalized to anhydrous compositions). One-sigma analytical precision is better than 2% for the major elements (Figures 6a -6d ) and 10% for the trace elements (Figures 6e -6h ). (a) Guatemalan tephras, (b) tephras of El Salvador, (c) Nicaraguan felsic tephras, (d) Nicaraguan mafic tephras, (e and f) trace elements and ratios tephras of Guatemala and El Salvador, (g) trace elements felsic Nicaraguan tephras, and (h) trace elements, all Nicaraguan tephras. Tephra acronyms are given in Figure 1 . Dotted fields mark tephras from Guatemala. Additional diagrams are given in Figures S1a-S1p. 1987]. The mineral assemblage in our marine ash layer C21 contains abundant crystals (>5%) of pl, bi, qz and minor am, which is consistent with the onshore tephra.
[26] Ash layer C21 occurs in cores 129, 222, 226, 228, 229, 230; 13, 15 , and 25 as a distinct bed or as lenses of ash (Figures 7 and 8 and Tables 1 and S2 ). Layer C21 correlates with the widespread Los Chocoyos tephra (LCY) that was also recognized in numerous other cores by Bowles et al. [1973] and Ledbetter [1985] . Our data support Ledbetter's proposed correlation of his D-Layer to the Los Chocoyos eruption (Figure 1 and Tables 1 and S2 ). The LCY on land is characterized by conspicuous highly elongated tubular white pumice clasts and corresponding shard shapes are observed in every chemically correlated marine ash. Phenocrysts of the crystalpoor pumice are abundant pl, qz, to a lesser amount bi and traces of am, which is consistent to the mineral assemblage and the order of abundance we found in the marine ashes (<2% crystals). Toward larger distances (offshore Nicaragua) crystal concentration decreases and bi and pl dominate the mineral assemblage. Glass texture and the low crystal content rule out correlations with marine tephras that are in the same cluster-group.
Amatitlá n Caldera
[27] Koch and McLean [1975] , Wundermann [1982] and Wundermann and Rose [1984] identified six tephra units originating from Amatitlán Caldera; from bottom to top these are L-flow and fall, Z-falls, T-flow and fall, C-fall, E-fall and J-falls. All these tephras have similar mineral assemblages consisting of dominant pl with am, bi, Fe-Ti oxides, px and occasional traces of qz. Ash layer C23 in cores 226, 228, 230; can be correlated with the L-tephra (LFT) (Figures 7 and 8 and Tables 1 and S2 ) and is always the oldest tephra that can be correlated to sources from land; it builds a separate cluster group in statistical analysis. Moreover, we identified corresponding ash layers using documented compositional data, in DSDP Leg 67 (Figure 1 and Tables 1 and S2 ) as well as in the cores of Bowles et al. [1973] . The 191 ± 11 ka old LFT on land [Rose et al., 1999] contains light brownish gray to white pumice clasts with pl, am and bi phenocrysts (in order of abundance). The mineral assemblage in our marine ash layer C23 contains abundant crystals (3-5%; decreasing in distance) of predominantly pl, abundant bi, and traces of am. The glass shards are characteristically highly vesicular and mostly of elongated texture.
[28] The E-tephra (EFT) is a coarse grained reversely graded fall of white pumice clasts distributedacross an area of $1300 km 2 on land [Wundermann, 1982; Wundermann and Rose, 1984] . It has a high (Figure 8a) . 2007GC001631 crystal content (10-15%) that is dominated by increasing bi-content toward the top. We did not find the EFT in our cores but observe possible correlations based on published data. Compositions of an ash layer at DSDP Leg 84 (570-2-3) and of the D3 ash layer of Bowles et al. [1973] correspond to EFT glass compositions (Tables 1 and S2) . Excellent compositional agreement is also found for the Y5 ash layer in the Gulf of Mexico (Tables  1 and S2 ) documented by Rabek et al. [1985] .
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Ayarza Caldera
[29] Ayarza Caldera in the south of Guatemala consists of two nested calderas that produced the 27 ± 1.6 ka old Mixta Tephra, the Pinos Altos Tephra, and the younger (23 ± 0.5 ka) Tapalapa Tephra [Peterson and Rose, 1985] (Figure 1 ). The Mixta Tephra (MFT) is a compositionally zoned tephra with pale brown to black and banded pumice clasts. It is a phenocryst-poor deposit with pl and bi in the rhyolitic and am in the basaltic endmembers [Peterson and Rose, 1985] . Glass shards of ash layer C13 in our core M66-228 (171-176 cm bsf) have the composition of the rhyolitic MFT glass (Figures 7 and 8 and Tables 1 and S2) ; we found only a small amount of the basaltic Mixta component in the distal ash beds suggesting only the early rhyolitic eruption phase was sufficiently intense for such wide dispersal. The low crystal fraction in layer C13 contains predominantly pl, bi, and minor am. Glass shards are mostly colorless and elongated but only moderately vesicular, with some brownish glass shards admixed. The glass composition data of the C-layer of Bowles et al. [1973] reported by Drexler et al. [1980] fit our correlation field of the MFT. Moreover, glass composition data from DSDP Leg 84 (570-2-1/ 141) of an ash layer at 621 cm bsf also corresponds to the MFT composition (Tables 1 and S2 ).
[30] The Pinos Altos Tephra (PAT), a thick pumice fall deposit, rests on a meter-thick paleosol [Peterson and Rose, 1985] and is overlain by the Tapalapa Tephra, locally separated by an erosional unconformity. The PAT white rhyolitic pumice is crystal-poor with pl, bi and am phenocrysts. A similar phenocryst assemblage but with more bi and less am is found in the Tapalapa pumice. The Tapalapa Tephra is a very ash-rich deposit probably formed by a phreatomagmatic eruption [Peterson and Rose, 1985] . Our trace element data confirm the correlation of Peterson and Rose [1985] with an ash layer 50 cm bsf in core RC12-32 of Bowles et al. [1973] (Tables 1 and S2 ). However, we did not find Pinos Altos or Tapalapa tephras in our cores.
Coatepeque Caldera
[31] Silicic activity at Coatepeque Caldera in northern El Salvador (Figure 1 ) began with the Bellavista eruption at 77 ± 2 ka [Rose et al., 1999] . Coatepeque activity continued to produce the 72 ± 3 ka old Arce Tephra, followed by the Congo Tephra (53 ± 3 ka; own radiocarbon dating) and the recently identified Conacaste Tephra (C. Pullinger, SNET, personal communication, 2005) . The largest deposit of the three is the Arce Tephra (ACT), which includes plinian fall beds and ignimbrite. Its highly vesicular pumice contains a high amount of bi, abundant pl, and minor px phenocrysts. Glass compositions of ash layer C18 in cores M66-226, 229, and 230 are in the same cluster-group as the ACT (Figures 7 and 8 and  Tables 1 and S2 ) and this correlation is supported by petrographic and stratigraphic characteristics. The mineral assemblage in layer C18 contains a high amount of crystals (5-7%) predominantly of bi ($5%), some pl, and minor px, which is consistent with the Arce pumice phenocryst assemblage. The marine ash is mostly a mixture of strongly elongated glass shards and highly vesicular pumice fragments. Compositional data indicate that ash beds sampled in the Caribbean by Rabek et al. [1985] (K131-446 cm bsf; TR126-22 321 cm bsf) may be distal ACT but we presently cannot validate this correlation with certainty.
[32] The Congo Tephra (CGT), which we traced up to Guatemala City, is a complex succession of plinian fall, ignimbrite and surge deposits with highly vesicular pumice containing pl, px and am phenocrysts as well as olivine xenocrysts. We chemically correlate ash layer C15 in cores M66-222, 225, 228, 229, 230 and SO173-13 with the CGT (Figures 7 and 8 and Tables 1 and S2) , although it is in the same cluster group as LCY and WFT. The shape of the glass shards in ash layer C15 is mostly angular and cuspate. The moderate crystal content (3-5%) comprises pl > am > px and, in more proximal marine ashes, also olivine (ol). Moreover, the glass composition of an ash layer at DSDP Leg 84 [Pouclet et al., 1985] fits the CGT glass composition (Tables 1 and S2 ).
[33] The Conacaste Tephra (CCT) comprises a lower fall section of two pumice lapilli beds bracketing a central fine ash fall extremely rich in accretionary lapilli, and an upper surge package; we interpret this as the product of a phreatoplinian eruption. The highly vesicular white pumice contains pl, px and am phenocrysts and also olxenocrysts. Glass shards of ash layer C14 in cores M66-228 and 229 have the glass composition of Conacaste pumice (Figures 7 and 8 and Tables 1  and S2 ) and a higher amount of elongated and vesicular types compared to layer C15. However, since glass compositions and mineral assemblages of the Congo (C15) and Conacaste (C14) tephras are identical, correlations to both tephras rely on stratigraphic order, and on successful multielement discrimination by the cluster analysis.
Ilopango Caldera
[34] The Ilopango caldera in central El Salvador produced at least five tephra deposits (Figure 1 ) since the Upper Pleistocene. From youngest to oldest, these are the Tierra Blanca Joven (TBJ) and the TB2, TB3 and TB4 tephras [Rose et al., 1999] . There are also remains of a deposit from an older eruption at the shore of the caldera lake [Mann et al., 2004] . The TBJ has been radiocarbon dated at A. deposits [Hart and Steen-McIntyre, 1983] . The TBJ is interpreted as the product of a complex phreatoplinian eruption [Houghton et al., 2000] . The white to pinkish TBJ pumice contains abundant pl, am and px phenocrysts, an assemblage that is also typical for the TB2-TB4 tephras of Ilopango Caldera. The TBJ Tephra occurs as layer C1 in the upper few decimeters of many of our Pacific sediment cores from Guatemala to Nicaragua and we also recognized it in the core data of Bowles et al. [1973] (Figures 7 and 8 and Tables 1 and S2 ). The sequence of Ilopango tephras clusters in one group of the statistical analysis but our correlation of layer C1, which is commonly represented by ash pods rather than by distinct primary ash layers, with the TBJ is supported by stratigraphic position, shallow depth below seafloor and the moderate mineral content (3-5%) with pl > am > px decreasing toward distal locations.
[35] The TB4 Tephra (C12) is a yet undated, prominent white massive pumice lapilli fall deposit that can be traced a long distance to the northwest where it overlies the Congo Tephra [Rose et al., 1999] and hence must be younger than 53 ka. The pumice contains a low amount of phenocrysts with pl as the dominant phase and minor am and px. We identified layer C12 in cores M66-226, 228, and 229 as the distal equivalent of TB4 on the basis of glass composition (Figures 7 and 8 and Tables 1  and S2 ), stratigraphic order and low crystal content (<2%; pl ) am > px). Distal TB4 ash apparently also occurred at DSDP Leg 67 (Tables 1 and S2 ).
[36] We also found an ash layer in core M66-226 (65-69 bsf) with a glass composition very similar to that of the older pumice deposit inside Ilopango Caldera described by Mann et al. [2004] (Figures 7  and 8 and Tables 1 and S2 ). This ash layer occurs between those of the Arce and Los Chocoyos tephras, bracketing its age to between 73 and 84 ka, and also clusters into the group of Ilopango tephras in the statistical analysis.
Berlin-Pacayal-Volcan Group
[37] A stratigraphic study of the volcanic deposits from this group of volcanoes in southern El Salvador by Nairn and coworkers of DSIR, New Zealand, is documented in an internal report [CEL, 1995] . They identified six major tephras which are from old to young: the Blanca Rosa Tephra (75 ± 10 ka), Twins/A-Tephra, Pacayal-1 Tephra, Volcan Tephra and Pacayal-3 Tephra (Figure 1 ). Of these we recognized the Twins/ATephra (TT/AT) and possibly the Blanca Rosa Tephra (BRT) in the marine cores. The TT/AT have been described as three separate units but our reinvestigation did not reveal any indication of a significant time break between the formation of these three layers which are also identical in major and trace element compositions of bulk pumice and matrix glass. We therefore interpret the three layers as the deposits of one eruption producing three thick fall lapilli beds as well as a pyroclastic flow deposit. Pumice lapilli vary in color (dark gray, pale brown, reddish, banded) and composition but all contain high amounts of pl > px phenocrysts. Layer C17 in cores M66-222, 178 and 131 correlates with the TT/AT in terms of major and trace element glass compositions as well as relative stratigraphic position (Figures 7 and 8 and Tables 1  and S2 ). The correlation is supported by the abundance of colorless and pale brown, moderately vesicular glass shards with pl phenocrysts and the relatively high crystal content (5-7%) of the ash dominated by pl with a minor amount of px.
[38] Major element glass compositions suggest that an ash layer in core SO173-18 may correlate with the BRT (Figure 8 and Tables 1 and S2 ). Trace element analyses will have to validate this correlation, since the mineral assemblage is similar to the TT/AT.
Cosigüina Caldera
[39] Cosigüina peninsula at the Gulf of Fonseca is the northernmost volcano of Nicaragua. Products of its last plinian eruption in A.D. 1835 have been studied by Williams [1952] , Self et al. [1989] , and, recently, Scott et al. [2006] , who also observed mafic and felsic fall deposits of older, undated eruptions of this volcano. Of these older deposits, we sampled the uppermost mafic, crystal rich (15-20%; pl ) px) scoria fall tephra from a set of three (MCO1 to MCO3) in a canyon north of Punta Nata, and two overlying dacitic pumice falls, the Lower and Upper Cosigüina tephras (LCO and UCO). Although the thick LCO and UCO appear to be widespread plinian deposits, only the thinner MCO1-tephra can be correlated to marine tephras since it has a uniform chemical composition. Ash layer C9 in core M54-2 (661-662 cm bsf) and reworked ash pods in nearby core SO173-52 as well as M66-174 correlate compositionally with the MCO tephra ( Figures 7 and 8 and Tables 1 and  S2 ). In addition, this tephra corresponds very well to ash layers C9a but also nearly to C9b in core M66-222 offshore El Salvador suggesting that C9b is one of the older MCO tephras (MCO2 to MCO3). The crystal fraction of ash layer C9/a + b contains abundant (5-10%) pl ) px, consistent with the onshore tephras, but a distinction between MCO1-3 is not possible. Using documented compositional data, we also find correlations with ash layers in cores V-15-26 (510 and 539 cm bsf) and V-15-22 (112 cm bsf) of Bowles et al. [1973] ( Tables 1 and S2) , which were taken close to Cosigüina volcano. In cores V-15-26 and M66-222, the MCO ash occurs above the distal ash of the Upper Apoyo Tephra and hence must be younger than 25 ka.
Chiltepe Volcanic Complex
[40] The Chiltepe peninsula at the western shore of Lake Managua is a volcanic complex including the central Apoyeque stratocone, the Xiloa maar, at least two more, now hidden, vents of plinian eruptions and several basaltic cinder cones and maars [Freundt et al., 2006a [Freundt et al., , 2006b Kutterolf et al., 2007a] . During the past 15 ka, this volcanic complex erupted six dacitic tephras of plinian dispersal: the hornblende bearing Lower and Upper Apoyeque (12.4 ka) tephras, the 6.1 ka Xiloa Tephra, the Mateare and Los Cedros tephras, and finally the olivine bearing, crystal-rich Chiltepe Tephra <2 ka ago. Glass compositions identify ash layer C3 in cores 223, 226, 229; 18, 15, and 17 (Figures 7 and 8 and  Tables 1 and S2) , and an ash layer 75 cm bsf in core V-15-26 of Bowles et al. [1973] as distal equivalents of the Chiltepe Tephra (CT). Since the cluster analysis of Central Nicaraguan Tephras does not yield satisfactory solutions, these correlations are mainly based on the correlation plots, the stratigraphic positions in the cores, glass shard textures and the mineralogy (3-5%; pl > px > ol) of the ash layers. The occurrence of olivine crystals and the characteristic highly vesicular, pumice fragment-rich ash horizons together with the fact that this is one of the youngest tephras in this area facilitate the correlation to the CT.
[41] The 12.4 ka Upper Apoyeque Tephra (UAq) is a coarse grained, reversely graded pumice fall containing characteristic high amounts of hornblende. We did not find the UAq as a primary ash layer in our cores but as reworked ash pods (C6 in Figure 8b ) in cores SO173-11 and 18 (Figure 7 and Tables 1  and S2 ). It also probably correlates with a >1-cmthick ash layer 580 cm bsf in core V-15-26 of Bowles et al. [1973] (Tables 1 and S2 ). Marine ash layer C6 contains abundant crystals (5-7%) with am clearly dominating the assemblage with minor pl and px.
The high am content is the only way to distinguish
Upper from Lower Apoyeque ash because both have the same glass composition.
[42] The Lower Apoyeque Tephra (LAq), which is poorly exposed on land since it was emplaced during the terminal phase of a period of intense erosion, compositionally corresponds to ash layer C7 in cores M54-2, 13 and SO173-18, 98 as well as 174, 152, 132, 131 and 126 (Figures 7 and 8 and Tables 1 and S2 ). The mineral assemblage in layer C7 contains pl > px > am at moderate crystal contents (3-5%) which is consistent to the onshore tephra. Due to compositional similarity, the assignment of C6 to UAq and C7 to LAq is largely based on stratigraphic order and the bracketing of both by overlying and underlying other known tephras.
Masaya Caldera
[43] The Masaya Caldera is a basaltic volcano that has produced large-magnitude plinian and phreatomagmatic eruptions [Bice, 1980 [Bice, , 1985 Williams, 1983] . The oldest known is the Fontana Tephra (FT), which is a mafic plinian fall that erupted from a vent northwest of the Masaya Caldera [Wehrmann et al., 2006] . Vents within Masaya Caldera erupted the plinian to phreatomagmatic San Antonio Tephra (SAT, <6 ka), the Masaya Triple Layer (MTL, 2.1 ka) and La Concepción Tephra (LCT), both of plinian dispersal and representing different northern and southern facies of a single eruption product, and finally the Masaya Tuff (MT) that resulted from a huge surtseyan eruption <2 ka ago that concluded with another plinian scoria fall, the Ticuantepe Lapilli (TIL) [Pérez and Freundt, 2006] . The mafic tephras have overlapping major-element glass compositions and very similar modal compositions (3 -5% minerals; pl > px > ol); trace element compositions and further differentiation possible by stratigraphic position and the depth below seafloor are thus essential for the correlation of mafic marine ash layers with these tephras (Figure 8 ).
[44] Marine ash layer C2 occurs in three cores at the Nicaraguan continental slope (SO-11, 18, and M54-2) and can be correlated to the MT/TIL by glass composition, relative stratigraphic position and high amount of tachylitic particles (Figures 7  and 8 and Tables 1 and S2 ).
[45] Only cores M54-2 and SO173-18 contain a mafic ash layer (C4) that correlates to the MTL/ LCT plinian deposit (Figures 7 and 8 and Tables 1  and S2 ) underlying the CT tephra (layer C2).
[46] The SAT is a sequence of black scoria falls overlain by surge deposits; the plinian fall can be traced on land to distal exposures north, northwest and south of the Masaya Caldera [Pérez and Freundt, 2006] . Geochemical fingerprinting shows that marine ash layer C5 in cores 15, 17, 18, 13, 167, is equivalent to the SAT (Figures 7 and 8 and Tables 1 and S2 ). Additional criteria are the low crystal content and high amount of sideromelane shards with elongated vesicles. It also probably correlates with a >1-cm-thick ash layer 270 cm bsf in core V-15-26 of Bowles et al. [1973] ( Tables 1  and S2 ). The SAT is thus the most widely traced of the Masaya tephras.
[47] The Fontana Tephra is a layered sequence of dark-gray, highly vesicular scoria lapilli fall beds that have a wide, plinian dispersal toward the NW of Masaya Caldera [Wehrmann et al., 2006] . This mafic tephra compositionally corresponds to ash layer C16 in cores M54-2 and 11; 13, 15, 17, 18, and 39, (Figures 7  and 8 and Tables 1 and S2 ). The deeper stratigraphic position in the cores and much higher sideromelane/tachylite ratio distinguish it from the compositionally similar MT/TIL.
Apoyo Caldera
[48] Apoyo Caldera, 35 km southeast of Managua, generated two large plinian eruptions in rapid succession 24.5 ka ago, which produced the rhyodacitic Lower (LAT) and Upper (UAT) Apoyo Tephras that are separated by an incipient paleosol [Freundt et al., 2006a; Kutterolf et al., 2007a] . Glass compositions ( Figure 7 ) and mineral contents differ since LAT contains also ol-xenocrysts in addition to pl and px. We correlate the UAT with ash layer C10 in cores 11, 13, 17, 179, 178, 174, 167, 163, and 131 (Figures 7 and 8 and Tables 1  and S2 ) as well as with ash beds in cores V-15-27, 18, 22 and 26 of Bowles et al. [1973] . Layer C10 contains 3-5% crystals with pl > px but no ol. This makes the UAT the most widely recognized tephra offshore Nicaragua.
[49] Ash layer C11 in cores M54-2, 163, 125, has the more evolved glass composition of the LAT, contains ol next to pl and px crystals, and occurs at the correct position immediately below the UAT layer C10 (Figures 7 and 8 and Tables 1 and S2 ).
Concepció n Volcano
[50] Concepción stratocone rises 1,600 m on Ometepe island in Lake Nicaragua and produced basaltic to dacitic pyroclastic successions [Borgia and van Wyk de Vries, 2003 ] which we group as the Ometepe Formation. This includes the prominent dacitic Tierra Blanca 3 Tephra, erupted 2720 ± 60 BP [Borgia and van Wyk de Vries, 2003] . We studied two dacitic, pl, am and px bearing (phenocryst content 1-5%), 1-2 m thick pumice fall deposits, which we term the Upper and Lower Ometepe Tephras (UOT and LOT), separated by a paleosol at three outcrops across the southwestern part of Ometepe island. We extend our earlier correlation of UOT with ash beds offshore Nicaragua [Kutterolf et al., 2007b] 
Tephras From Costa Rican Volcanoes
[51] The unique trachytic composition, and characteristic trace element concentrations (e.g., high $700 ppm Zr) make it easy to correlate the 322 ka Tiribi Tuff with marine ash beds. We find the distal ash of the Tiribi Tuff in core M66-147 (260-270 cm bsf) and also as the I6-Layer of Ledbetter [1985] (Tables 1 and S2 ).
Tephras From Unknown Sources
[52] 82 felsic and mafic tephras in the cores offshore Central America cannot presently be correlated with individual tephras, although some can be correlated between cores (e.g., C24, C25 and C26; Figure 8 ). Some relatively potassium-rich ashes, however, do not fit CAVA compositions. We speculate that these were derived from Mexican volcanoes. Further constraints on the source regions for these ash layers can be derived from comparison with the systematic along-arc variation of trace element characteristics of the arc rocks [e.g., Carr et al., 2003 Carr et al., , 2007 Carr, 1984; Feigenson and Carr, 1986; Feigenson et al., 2004; Hoernle et al., 2002; Patino et al., 1997 Patino et al., , 2000 . The along-arc variations of Zr/Nb, Ba/La and Ce/Yb are roughly symmetrical such that these parameters do not efficiently distinguish between Guatemalan and Costa Rican compositions (Figure 9 ). Considering the large distances between northern and southern CAVA areas, we favor the source area closest to core position that corresponds to ash layer compositions.
[53] We have plotted ash-layer glass-shard compositions in Figure 9 by projecting core positions onto the arc along the subduction vector. Best fits to all three trace element ratios suggest that ash beds in sible contributions from Mexico. The presence of these offshore ash layers shows that there were more highly explosive eruptions in El Salvador and Guatemala during the past 400 ka than have yet been documented on land.
[54] Almost all ash layers offshore Nicaragua, and the high Ba/La ash beds offshore Costa Rica, have the trace element characteristics of Nicaraguan arc rocks. High Ce/Yb ashes (marked 3 in Figure 9 ) offshore Nicaragua can be attributed to a source in Costa Rica, whereas the ash layer marked 4 in Figure 9 best fits an origin in northern El Salvador.
[55] Most of the uncorrelated ash layers occur at deep levels in our cores. There are approximately time-equivalent volcaniclastic successions in central Nicaragua, such as the Malpaisillo, Mateare and Las Sierras formations [Kutterolf et al., 2007a] , that include numerous plinian tephras but these still need to be studied in detail.
Ash-Layer Dating
[56] The age range represented in our cores extends to >322 ka, the time mark set by the distal ash of the Tiribi Tuff. Other time marks are given by the ash layers correlated to dated tephras on land. The age of yet undated ash layers can be estimated from their relative position between known time marks using linear interpolation, which assumes that sedimentation rates remained constant during the time interval considered. The relative position is determined from the thickness of pelagic sediments alone, ignoring the thickness of other intercalated ash beds (Figures 10 and S2 ).
[57] Core 228 contains the 191 ka L-Tephra (C23), the 84 ka Los Chocoyos Tephra (C21), the 53 ka Congo Tephra (C15), and the 1.5 ka TBJ (C1) as well-dated horizons ( Figure S2e ). The Mixta Tephra (C13) has been dated at 27 ka by Peterson and Rose [1985] . Bioturbation is observed in the pelagic sediment but apparently did not affect its thickness. The position of layer C12 (Figure 8 ) in this core suggests an age of 25 ka ( Figure S2e ) for the TB4 Tephra. Considering that the TB-tephras at Ilopango volcano are all separated by thick paleosols, tephras from other volcanoes, and reworked volcaniclastic sediments, this age for the TB4 tephra appears to be rather young. The TB4 (C12) ash layer in core 229 has been tilted during coring such that sediment thickness cannot be precisely measured. An approximate determination, however, yields an age of 43 ka for the TB4 Tephra ( Figure S2a ), which is more compatible with field observations. The younger apparent TB4 age in core 228 possibly arises from an erroneous age of the Mixta Tephra. Peterson and Rose [1985] actually dated carbonized wood in a pyroclastic flow deposit that overlies the Mixta fall north of the Ayarza caldera. They also noted a meter-thick paleosol separating the Mixta from the Pinos Altos tephra, which is in turn covered by the Tapalapa Figure 10 . ash dated at 23 ka. We observed a large erosional unconformity covered with volcaniclastic sediments between Mixta and Pinos Altos tephras south of the caldera, and another unconformity between Pinos Altos and Tapalapa tephras. We consider that the 4000 year age difference is rather short for the formation of the thick paleosol and the large unconformities. We cannot presently resolve this age problem but if we ignore the 27 ka Mixta age, and use layer C15 (well-dated Congo Tephra; 53 ± 3 ka from 14 C dating of charcoal) as reference in core 228, we obtain a more realistic age of 36 ka for the TB4 Tephra. The Mixta Tephra (C13) then appears to be $39 ka old, which we feel fits better the observed on-land succession. We can also date the Conacaste Tephra (C14) as 51 ka, which fits well the observation in the field that the Conacaste Tephra is only separated by a thin paleosol and/or an erosive unconformity from the underlying Congo Tephra.
[58] We did not find the previously undated E-Fall from Amatitlán Caldera in our cores but identified it in core D-3 of Bowles et al. [1973] , where it occurs 165 cm bsf. It is surrounded by the Los Chocoyos and L-Tephras, that occur at 460 and 560 cm bsf in that core, yielding an estimated age of the E-Tephra of 51 ka. This is considerably older than the age of 30 ka guessed by Rose et al. [1999] .
[59] Well-dated tephras in core 222 are the 53 ka Congo Tephra (C15, Figure 10 ), the 25 ka Upper Apoyo Tephra (C10) and the 1.5 ka TBJ Tephra (C1). These would constrain the age of the San Antonio Tephra (C5) to 11.4 ka. However, from field relationships in Nicaragua [Kutterolf et al., 2007b; Pérez and Freundt, 2006] we know that the San Antonio Tephra must be close to 6 ka but younger than 6.1 ka, hence the sedimentation rate above C10 has been overestimated probably due to incomplete compaction of the young sediment. Using an estimated 6 ka age of the San Antonio Tephra, which is probably supported by lake drilling in Lake Nicaragua (S. Wulf, personal communication, 2007) , as an additional time mark, we estimate ages of 21 and 22 ka for the older mafic Cosigüina tephras C9a and C9b, respectively (Figure 10 ). From the lower part of core 222, we obtain an age of 60 ka for the Twins/A-Tephra (C17 in Figures 8 and 10 ), which agrees with the K-Ar date of 75 ka of the underlying Blanca Rosa Tephra. The mafic ash layer C24 (Figure 8 ) that is found in several cores of M66/3b and is probably derived from a source vent in El Salvador, is $55 ka old.
[60] The Masaya Tuff MT/TIL (C2) and the Chiltepe Tephra (C3) are overlain by the 1.55 ka TBJ (C1) and underlain by the 2.1 ka MTL/LCT (C4) and $6 ka SAT (C5) tephras in cores M54-2, 17 and 18 (Figures 10, S2b, S2d, and S2f) . Although the apparent sedimentation rates of this time interval differ between the cores, all yield estimated ages of 1.8 ka for the MT/TIL and 1.9 ka for the Chiltepe Tephra with ±50 years deviation.
[61] Distal ashes of the Lower Apoyeque Tephra (LAq) from the Chiltepe volcanic complex, and the UOT pumice fall from Concepciòn volcano, both lie between the 24.5 ka old Upper Apoyo Tephra and $6 ka old San Antonio Tephra in core M54-13. Since the age of the SAT is not precisely known, we also consider the additional constraint by the MTL/LCT (2.1 ka) in core SO173-18. This constrains the age of the LAq to 16.5-17.4 ka (Figures 10 and S2g) and of the UOT to 17.2-20.7 ka.
[62] The basaltic plinian Fontana Tephra occurs between the 84 ka Los Chocoyos Tephra (C21) and the 25 ka UAT (C10; core M54/11, Figure S2c ) or the $6 ka SAT (C5; core SO173-11, Figure S2d ) yielding ages of 68 ka and 55 ka, respectively. We note that the occurrence of correlated FT ash in core M54-2 directly below UAT must reflect disturbed pelagic sedimentation since observations on land (soil development and thick intervening sediments) demonstrate a longer time period between those tephras ( Figure S2 ). In summary, estimated ages of around 60 ka are considerably older than ages of 25-40 ka guessed in earlier studies in the absence of dating [Bice, 1985; Wehrmann et al., 2006] . This older age of the Fontana Tephra supports the conclusion of Wehrmann et al. [2006] that the eruptive vent was to the west rather than within Masaya Caldera, probably inside the older Las Nubes caldera.
Correlations Between Cores and Central American Tephrostratigraphy
[63] Tephrostratigraphic successions of single eruption centers or limited arc segments are shown in Figure 11 for different parts of Central America. Until now, temporal relationships between these successions are exclusively based on the radiometrically dated tephras. Our correlations with the marine record produce much more detailed stratigraphic links between the successions, yielding a consistent tephrostratigraphy along the CAVA. Especially correlated ash layers C1, C3, C5, C10, C21 and C23 facilitate widespread correlations between the southern (Nicaragua and Costa Rica) and northern (Guatemala and El Salvador) tephra successions ( Figure 11 ). Together with the new age estimations this is an important step in understanding the temporal evolution of plinian volcanism in Central America which we will discuss elsewhere.
Conclusions
[64] Having established a reference database of bulk rock, glass and mineral compositions of stratigraphically controlled widespread, mostly plinian tephras produced since the Pleistocene along the Central American Volcanic Arc, we were able to correlate 129 ash horizons in sediment gravity cores collected during three marine cruises along the Middle America Trench to tephras on land. In addition, we have used published compositional data [Bowles et al., 1973; Ledbetter, 1985] to correlate ash layers from DSDP Legs 66, 67 and 84 and gravity cores to deposits on land. In the 56 cores from cruises M54/2, M66/3a and SO173/3 offshore Guatemala, El Salvador, Nicaragua and Costa Rica we identified the distal ashes of 11 Nicaraguan, 8 El Salvadorian, 6 Guatemalan, and 1 Costa Rican eruptions. Ash layers correlated to dated tephras on land provide time marks in the sediment cores from which the ages of previously (I, SO173 17, 18; II, 11; III, 118, 125, 129, [131] [132] [133] [139] [140] 161, 167, 220, 52; IV, 39, [178] [179] V, 98, 49, [151] [152] [153] 190) . 
